In this paper, we present a strategy to improve delivery of femtosecond laser pulses from a regenerative amplifier through a hollow core photonic crystal fiber for temporally focused wide-field two-photon endomicroscopy. For endomicroscope application, wide-field two-photon excitation has the advantage of requiring no scanning in the distal end. However, wide-field two-photon excitation requires peak power that is 10 4 -10 5 times higher than the point scanning approach corresponding to femtosecond pulses with energy on the order of 1-10 mJ at the specimen plane. The transmission of these high energy pulses through a single mode fiber into the microendoscope is a significant challenge. Two approaches were pursued to partially overcome this limitation. First, a single high energy pulse is split into a train of pulses with energy below the fiber damage threshold better utilizing the available laser energy. Second, stretching the pulse width in time by introducing negative dispersion was shown to have the dual benefit of reducing fiber damage probability and compensating for the positive group velocity dispersion induced by the fiber. With these strategy applied, 11 fold increase in the two photon excitation signal has been demonstrated.
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I
n the last two decades, a number of new biomedical imaging technologies have emerged that fundamentally changed the procedures of disease diagnosis and expanded the frontier of the biological research. For example, two-photon microscopy has now become an indispensable tool for studying brain function and diseases based on the morphological mapping of the neuronal network 1 . Optical coherence tomography is routinely used in the diagnosis of retinal diseases such as glaucoma and age related macular degeneration 2 . More recently, photoacoustic tomography has demonstrated potential in in-vivo monitoring of the tumor angiogenesis 3 . Multiphoton microscopy is one of these powerful biomedical imaging modalities that can provide both morphological and spectroscopic information on tissue states based on endogenous fluorophores signals. For example, cancer cells often has distinctive morphological features during carcinogenic progression such as an increase in nuclear to cytoplasmic ratio. Spectroscopically, a decrease in the redox ratio of the metabolic coenzyme FAD and NADH has been observed 4, 5 . Multiphoton microscopy can also utilize second harmonic generation (SHG) to monitor collagen conformation in the extracellular matrix. Recent studies have shown that SHG can be a useful diagnostic marker for muscular dystrophy and ovarian cancer 6 and can provide a diagnostic index for liver fibrosis progression 7 and cervical remodeling during pregnancy 8 . For these reasons, the development of multiphoton endomicroscopy may find use as an optical biopsy tool for diagnosing diseases such as colorectal, esophageal, and cervical cancer which occurs on epithelial surface of body cavities and can only be reached with a miniaturized device.
Although multiphoton endomicroscopy is a promising technology, its miniaturization is technically challenging because it typically requires the 3D beam scanning mechanism to be installed at the distal end of the device [9] [10] [11] [12] [13] [14] . Further, the point scanning procedure results in an image acquisition process that is inherently slow. These problems can be circumvented by utilizing the temporally focused two photon microscopy (TFM) that can significantly reduce instrument complexity and can offer the potential for higher speed imaging based on parallelization by producing a depth resolved wide field images without the need for scanning mechanisms at the distal end 15, 16 . Axial scanning can also be performed remotely by chirping excitation pulses in the proximal end 17 . However, the application of TFM for endomicroscopy has a number of inherent difficulties. TFM requires high peak power pulses from a regenerative amplifier to efficiently excite the whole field-of-view 18 . However, the use of high energy pulses is a challenge for endomicroscope design because laser light must be delivered by fiber optics that is readily damaged at these energy levels.
In this paper, we propose a strategy to improve high energy pulse delivery through a hollow core photonic crystal fiber (HCPCF) by manipulating laser peak power with a compact pulse splitter and laser group velocity dispersion with a pulse compressor. We demonstrate that the excitation efficiency of a temporally focused widefield two photon endomicroscope (TFEM) can be substantially improved.
Methods
Improving the two photon excited fluorescence signal using pulse splitter. Light guidance by the standard step index fiber is based on total internal reflection between the higher refractive index core and the lower index cladding. However, these solid core fibers are not optimal for delivering high peak power pulses because of temporal distortions induced by nonlinear processes, such as self-phase modulation and group velocity dispersion (GVD), in the core material. On the other hand, light can be trapped inside the air core of HCPCFs based either on the photonic band gap effect 19 or the inhibited coupling guidance 20 . Since light propagates mostly through air, temporal distortion of these pulses is minimized 21 . HCPCF have been utilized for delivering high peak power pulses for various applications including two photon fluorescence microscopy 22 , laser micromachining 23 and laser surgery 24 . While two-photon laser scanning microscopy (TPLSM) requires 0.01-0.1 nJ pulse energy from a Ti-sapphire laser to achieve optimal excitation efficiency, TFM requires 10 4 -10 5 times higher pulse energy due to the need to completely cover even a modest field-of-view (.100 3 100 mm 2 ). Considering the power loss during beam delivery through the optical fiber and the intermediate optical elements, even the full power from a Ti-sapphire laser is often insufficient. This limitation was overcome in a TFM using a regeneratively amplified Ti-sapphire laser with mJ or mJ level peak power 18 . However, for TFEM, a major challenge is the delivery of these high peak power pulses through an optical fiber without thermal or ionization damage. Figure 1 shows a flat cleaved surface of HCPCF (HC-800-01, NKT photonics) and a surface damaged by the high peak power pulses from a regeneratively amplified Tisapphire laser operating at 800 nm wavelength with 8 nm spectral width, 130 fsec pulse width, and 10 kHz repetition rate (Legend Elite, Coherent). The damage of HCPCF mostly occurs at the inlet of the fiber when the focused beam spot size and shape does not match with the mode field of the HCPCF. The maximum transmittable power is closely related to the coupling efficiency. If the coupling is not optimal, fiber damage often occurs before the absolute maximum value set by material damage threshold.
There are several factors that determine the coupling efficiency including the flatness of the cleaved surface, the input beam diameter, the numerical aperture (NA) of the coupling lens, the NA of the fiber, and the size of the fiber mode diameter. The rule of thumb for maximizing the coupling efficiency is that the NA of the focused beam should be less than the NA of the fiber. At the same time, the focused beam spot size should be less than the size of the core diameter. The HCPCF (HC-800-01, NKT photonics) used for delivering the pulses from the regenerative amplifier had a NA of 0.2, a mode field diameter (1/e 2 width) of 8.8 mm and a zero dispersion wavelength near 805 nm.
The damage threshold of the fiber was measured by increasing the input pulse energy to the fiber at 20 nJ intervals until damage. The pulse energy from the regenerative amplifier was controlled by using a half wave plate (10RP02-800, Newport) and a polarizer (GL15-B, Thorlabs). First, the output beam diameter from the regenerative amplifier was reduced to the aperture size of the coupling lens using a telescope and then it was coupled to the fiber using a aspheric lens with NA of 0.16 (C260TME-B, Thorlabs). The optimal coupling lens had been selected after trying several choices with NA varying from 0.15 to 0.25. With the 0.16 NA coupling lens, coupling efficiency up to 90% had been achieved. Fiber damage often occurred sequentially. Coupling efficiency remained constant up to about 360 nJ input pulse energy and then started to drop slowly as cracks developed in the core. At some point, the transmitted power decreased abruptly with the total destruction of the core as shown in Fig. 2 . The fiber damage by the ionization effect can be avoided by coupling in and out of the fiber within the vacuum chamber minimizing damage due to air ionization. In this condition, femtosecond pulses with energy up to 1.8 mJ was transmitted through HCPCF without damage 25 . More recently, helium gas filled kagome-type HCPCF was shown to deliver 1550 nm sub-picosecond pulses up to 74 mJ 26 although the bulky vacuum coupling at the distal limits its endoscopic uses 27 . For the optimal widefield two-photon excitation, 1-10 mJ pulse energy is required. Although, regenerative amplifiers can provide high energy pulses that satisfy this requirement, these pulses cannot be delivered to the distal end effectively due to fiber damage. Instead of just attenuating the laser pulse peak power, one approach to better utilize the power of the regenerative amplifier is to split each regeneratively amplified pulse into multiple pulses. In this way, it is possible to increase the number of available pulses for two photon excitation while keeping pulse energy below fiber damage threshold. Theoretically, two photon absorption (TPA) per fluorophore per second can be expressed as Eq. (1).
where d is TPA cross-section, l is the wavelength, c is the speed of light, h is the Plank constant, p peak is the peak power of pulse, e pulse is the pulse energy, f is the pulse repetition rate, t is the pulse width and FOV is the illumination field of view 1 . Eq.(1) implies that the signal in TFEM can be maximized by setting the pulse energy (peak power) below the fiber damage threshold and by increasing the number of pulses as many as possible. In a sense, this is similar to an optimization problem where the objective function is TPA and the optimization parameters are pulse energy and repetition rate with the fiber damage threshold acting as a constraint. Our solution was to implement a pulse splitter that multiplies the incoming pulse to many identical pulses while keeping the peak power of each pulse below the damage threshold. This pulse division approach also had been utilized for the femtosecond fiber amplification process 28 . Figure 3 shows the pulse splitter design that multiplies an incoming pulse to 64 identical pulses with a timing diagram showing the pulses at some intermediate steps.
The detail design was adapted from the work of Ji et al 29 .
To summarize the sequence of pulse multiplication steps, the pulse was split into two by a non-polarizing beam splitter (BS 1 ). One of these pulses went to PS 1 directly and the other was delayed by delay line (l 1 ) and sent to the other input port of PS 1 . Each input pulse to PS 1 was multiplied to 4 pulses by a 43 pulse splitter where the two pulses from each output ports were time delayed by 74 ps. Pulses from one of the output ports of PS 1 was delayed by delay line, l 2 , and recombined with pulses from the other output ports of PS 1 at BS 2 . BS 2 split these pulses to two sets of pulses. One group of pulses went directly to PS 2 and the other group of pulses went to delay line, DL, which added about 2.5 ns time delay before the pulses entered the other input port of PS 2 . Each input pulse to PS 2 was multiplied to 4 pulses by the 43 pulse splitter where the two pulses from each output ports were time delayed by 37 ps. Pulses from one of the output ports of PS 2 was delayed by a delay line, l 3 , and recombined with pulses from the other output ports of PS 2 using half-wave plate (HWP) and polarizing beam cube splitter (BS 3 ). The time delayed pulses in PS 1 and PS 2 were produced by splitting the input pulses at the interface of the two different refractive index materials so that each pulse traveled through a different optical path length and were recombined at a beam splitting interface in such a way that the recombined pulses from the output ports of pulse splitter propagated collinearly. After pulse splitting, the pulses were prechirped by the single prism type pulse compressor to compensate for the group velocity dispersion that may be induced by the intermediate optics and the fiber. Since the separation between the pulses were much smaller than the lifetime of the fluorophores which is typically in the nanoseconds range, the benefit of increasing the repetition rate can only be meaningful when two photon excitation efficiency is low enough so that the ground state depletion does not occur as in many cases during temporally focused-wide field two photon imaging. In addition, increasing the repetition rate while decreasing the pulse intensity appropriately can sometimes reduce photodamage and photobleaching while maintaining the same signal level 29 .
Increasing the damage threshold by stretching the pulse. HCPCF damage typically occurred at the inlet of the fiber where the lattice structure of the air hole and silica surrounding the core was fractured by the strong reaction of the ionized air molecules, generated by the extremely high peak power of the focused beam, with the silica in the fiber cladding. Thus, stretching the pulse to reduce pulse peak energy should allow higher average power to be transmitted before damaging the fiber 30 . Pulse width can be controlled by adding negative group delay dispersion (GDD) using a pulse compressor. As shown in Fig. 4 , the amount of GDD induced by the pulse compressor is linearly proportional to the distance between the prism and the corner cube mirror (CCM). The pulse width was measured with the single shot autocorrelator (Delta single shot autocorrelator, Minioptic Technology). From the measured pulse width, GDD can be calculated assuming that the shape of the input pulse is in a transform limited Gaussian form 31 . Input pulse width was 130 fsec 2 .
Damage threshold of HCPCF (HC-800-02, NKT photonics) was measured with the configuration shown in Fig. 3 . HC-800-02 had a NA of 0.2, a mode field diameter (1/e 2 width) of 5.5 mm and the zero dispersion wavelength near 778 nm. Damage threshold was measured first without pulse stretching and then at four different CCM positions each at 20 cm, 30 cm, 40 cm, 50 cm. The pulse widths at these conditions corresponded to 150 fsec, 187 fsec, 359 fsec, 632 fsec, 922 fsec respectively. At each measurement conditions, the input power was increased at 5 mW increment until the coupling efficiency started to fall; the damage threshold was defined as the power level at which a 10% coupling efficiency drops was observed. At each condition, the measurement was repeated five times. Typical coupling efficiency was 80% which was lower than that without the pulse compressor because the beam shape was slightly elongated horizontally while the beam propagates through the pulse compressor. According to Fig. 5 , the damage threshold increased by about factor of two while the input pulse width was increased and the peak power was decreased by about a factor of six. The damage threshold did not increase linearly with an increase in pulse width as expected. This may be caused by the thermal stress built up by the pulses with picosecond time separation since the time constant for the thermal dissipation of HCPCF is on the nanosecond range. Currently, the input pulses from the 10 kHz regenerative amplifier were separated by 100 msec time delay and this single input pulse was splitted into 64 pulses with 37 psec temporal separation. This issue with thermal stress can be alleviated by separating the pulses more uniformly in between the 10 kHz pulses. This can be achieved with a pulse splitter with much larger overall footprint. A variable repetition rate amplifier is another option that can provide high peak power pulses that are more uniformly spaced in time and may be preferable as these devices will becoming more commercially available. Although pulse stretching may allow more power to be delivered through the fiber, the long pulse width will decreases the two photon absorption efficiency as predicted by Eq.(1). The solution of this problem is well known. The pulse can be first stretched with negative dispersion provided by the pulse compressor to reduce the ionization effect at the fiber input surface. By choosing a fiber that has positive dispersion at the operating wavelength, the pulse can be restored to the transform-limited by passing through a proper length of HCPCF. Once the beam was coupled to HCPCF, over 95% of the optical power was confined in the air core. Therefore, the material dispersion was minimal and the waveguide dispersion was the dominant factor for the group velocity dispersion induced in the HCPCF 32 . For 800 nm working wavelength, we choose HC-800-01 for its positive GDD. The GDD of HCPCF (HC-800-01) was calculated from the pulse widths measured before and after the fiber with a chosen length of 80 cm. The input pulse width before fiber was 130 fsec and the pulse width after the fiber was 200 fsec corresponding to a GDD of 7000 fsec 2 . This positive GDD of the fiber can be cancelled out by the same amount of negative GDD of the pulse compressor which can be obtained by positioning the CCM of pulse compressor at 20 cm as shown in Fig. 6 .
Overall, we combined both ideas of pulse splitting and pulse stretching to improve the high peak power pulse delivery through the fiber. After 643 pulse multiplication, the damage threshold increased to 60 mW from 4 mW. After pulse stretching to 187 fs, the damage threshold further increased to 75 mW (Fig. 7) .
Design of a temporally focused widefield two photon endomicroscope (TFEM).
Endoscopic implementation of the TFM requires a compact design while maintaining a reasonable field of view and resolution. The form factor of TPE requires the use of micro-lenses as objectives. Currently, the NA of the available micro-lenses is relatively small compared to normal objectives. For example, the highest NA of commercially available microlenses is 0.8 that have been achieved by the compound lens made of a GRIN lens and a plano-convex lens 33 . This modest NA limits the achievable depth resolution of a TFEM. Further, to utilize the full NA of the objective, the focal length of the tube lens has to be sufficiently long such that the full spectrum of the excitation beam will span the back aperture of the objective. However, the focal length ratio between the tube lens relative to the objective must be small to ensure a sufficiently large field-of-view. Therefore, the focal length of the focusing lens has to be selected such that both the depth resolution and the field-of-view requirements are satisfied at the same time 34, 35 . Considering these design criteria, we can derive a simple mathematical relation that needs to be satisfied to achieve the best resolution given limited NA of the objective. The angular spread Db of a spectrum with spectral width Dl of first order diffraction can be obtained by differentiating the grating equation, assuming the incidence angle is constant 36 .
Db~G sec b ð ÞDl ð3Þ
where b is the first order diffraction angle, G is the groove frequency. Assuming the paraxial approximation, the width of the focused spot size at the back aperture of the objective is f Db, where f is the focal length of the tube lens. Therefore, to utilize the full NA of the objective, each design parameters have to be selected to satisfy the following relation where D is the diameter of the back aperture of the objective. Figure 8 shows the ray tracing of both excitation and emission beam path of a realization of TFEM. Excitation beam was delivered through HCPCF (HC-800-01, NKT photonics) and collimated by plano-convex lens (NT65-308, Edmund Optics, f 5 2.54 mm, Ø2 mm) and reflected by the prism (NT45-524, Edmund Optics) with the custom gold mirror coating (Evaporated Coatings) to a reflective grating (1200 line/mm, 2 mm 3 2 mm, LightSmyth). The grating was custom-made so that the first order diffraction was maximized for the excitation wavelength at 800 nm. The input pulses were spectrally dispersed by the grating and focused by a planconvex lens (Edmund Optics, NT45-964, f 5 12 mm, Ø3 mm) at the back aperture of custom-made GRIN objective (NA 0.8, GRINTECH) that collimated each spectral component and recombined them at the focal plane of the objective to restore original input pulse width. The fluorescence signals from the focal plane were collected by the GRIN objective and relayed through the dichroic beam splitter cube block and the custom-made GRIN imaging lens (GRINTECH) and detected by a 1/100 size CCD camera (SEN103670X, FORT-fr) at the distal end directly or can be relayed to the high sensitivity detectors such as EMCCD camera through the imaging fiber bundle (IGN08/30, Sumitomo Electric) located at the proximal end. Depth scanning can be accomplished by tuning the group velocity dispersion at the proximal end as proposed and demonstrated by Durst et al 17 .
In this way, all the scanning actuators at the distal end can be removed, resulting in a compact and robust endomicroscope. The optical components were assembled in the custom-made endoscope housing as shown in Fig. 9 with a total form factor of 8 mm in diameter and 35 mm in length.
Results
Experimental validation of the pulse delivery methods. The proposed pulse delivery method for TFEM imaging was validated experimentally by comparing the two-photon excited fluorescence signals of the fluorescent beads in three different cases. In the first case, pulses from 10 kHz regenerative amplifier was delivered directly without pulse multiplication or dispersion compensation. In the second case, each pulse was multiplied 64 times without dispersion compensation. In the third case, a pulse was multiplied 64 times with dispersion compensation. The excitation beam for these conditions were delivered through the fiber (HC-800-01) to a temporally focused widefield two photon endoscope probe. The power levels after the fiber delivery were 2.5 mW, 50 mW, 50 mW respectively. These values were obtained when the input power to the fiber was set to about 70% of the damage threshold to prevent the fiber damage during long-term imaging process. The emission signal was detected in transmission mode with 403 air objective and the EMCCD camera (iXon 885, Andor) placed on the opposite side of the illumination beam path.
The two photon signal was compared using a sample consisting of densely packed 1 mm fluorescent beads (F-13081, Molecular Probes) sandwiched between two cover slips. The image was acquired at 100 msec exposure time and repeated 10 times for each condition. Fig. 10(a) shows the normalized total fluorescence signal summed for the whole field of view. Compared to case 1, the signal level increased a factor of 7.5 in case 2 and a factor of 11.5 in case 3. In case 2, while the repetition rate was increased to 64 times, the peak power of the pulse was reduced to 1/3 compared to case 1. Since the two photon fluorescence signal per second has a quadratic dependence on the peak power and a linear dependence on the repetition rate, about 7 fold increase can be expected. In case 3, the positive pulse dispersion by the fiber was compensated by the negative GDD of the pulse compressor so that the output pulse width of 187 fsec in case 2 was restored to its original pulse width of 130 fsec as shown in Fig. 6 . Since the two photon absorption (TPA) was inversely proportional to the pulse width, about 1.4 fold increase in two photon signal can be expected. Therefore, by using the pulse splitter and dispersion compensation (case 3) 11.5 fold increase in two photon signal have been achieved. This effect was also verified in Fig. 10 each conditions. The field of view was quite elongated vertically because the input angle of the excitation beam to the grating surface was 73 degree. The FOV can be made square by expanding the beam horizontally with two cylindrical lens pair before impinging on the grating.
Discussion
This paper presents an improved delivery method of high peak power laser pulses from a regenerative amplifier through a hollow core photonic crystal fiber to maximize two photon excited fluorescence signal in a temporally focused wide-field two photon endomicroscopy.
Signal improvement has been demonstrated by using a pulse splitter that divides a single pulse into 64 pulses that have a peak power level that is just below the fiber damage threshold. The fiber damage threshold can be further increased by stretching the pulses with negative GDD using a pulse compressor resulting in low peak power at the fiber inlet. This negative GDD is precisely compensated by the positive GDD of a specific length of fiber resulting in the recompression of the pulse to its original width at the fiber outlet. By employing the pulse multiplication and the dispersion compensation in TFEM, 11 fold signal increase have been demonstrated.
If we assume that thermal stress plays a role in fiber damage, a variable repetition rate regenerative amplifier should provide more flexibility in finding the optimal pulse energy and repetition rate that maximize the TPA signal while preserving fiber integrity. The damage of the fiber occurs in most cases at the inlet of the fiber where the delicate lattice structure around the air core can be fractured by the high intensity focused beam. Recent development in fiber end treatment technology has a great potential that can increase the damage threshold by collapsing the end face and hermetically sealing the fiber 37 . In this way, the lattice structure would not be directly in contact with air and should reduce the damage possibility by ionization. Also, since the input beam is guided to the core by refraction when passing through the collapsed area, the beam size at the end face can be made larger effectively increasing the damage threshold by reducing beam intensity at the end face.
There are also many opportunities for improving the endoscope design. The currently available high NA GRIN lens was not well corrected for the chromatic aberration, causing each spectral component to be focused at different position in axial position resulting in pulse broadening with lower TPA efficiency. This limitation may be overcome using custom-designed micro-optics compound lens 13 . The power loss within the endoscope mostly occurred at the grating. To reduce the length of the endoscope size, a high grove density grating with 1200 line/mm was used in the current design. The power loss was significant and only 15% of input power was diffracted to the first order beam. The current design may be improved with an alternative approach that utilizes grating with lower groove density and more optimized brazing angle. The current design of the endoscope was 8 mm in diameter. A more compact design may be achieved by using a GRISM such that the excitation beam path can be made straight in-line without the need for beam steering mirror 38, 39 . Finally, the GDD was tuned by manually translating the corner cube mirror in the pulse compressor. Faster axial scanning may be achieved by tuning the GDD using a piezo bimorph mirror 40 . www.nature.com/scientificreports
